The size and age at first copulation and spawning of the apple snail, Pomacea canaliculata, were determined at three food levels under laboratory conditions (14L:10D; 25°C). Males fed at a low food level started copulation at smaller sizes than males at higher food levels. However, age at first copulation was similar among snails at all food levels. The food level appeared to affect the penis sheath length at maturity, although the difference did not reach a statistically significant level. Females fed at the low food level delayed both first copulation and spawning longer than those at higher food levels. Consequently, their sizes at first copulation and spawning were smaller. The albumen gland of poorly fed snails was smaller at first copulation but comparable at maturity. The adaptive significance of these patterns in sexual maturity and their possible implications for the integrated management of this snail are discussed.
INTRODUCTION
Timing of maturity and reproductive effort are the two most important life history components affecting fitness of an organism in a given environment (Roff, 1992) . The timing of maturity, in terms of size and age, is affected by many environmental factors. Stearns and Koella (1986) reviewed and predicted the evolution of phenotypic plasticity in life history traits of organisms. They pointed out that food availability affects size and age of individuals at maturity, and responses to food availability can be different even in males and females of the same species.
In the apple snail, Pomacea canaliculata, density dependent growth and reproduction occur in the paddy, presumably owing to different food availabilities (Tanaka et al., 1999) . Understanding the effects of food availability on the reproductive traits will give insights into individual fitness, hence, population dynamics of this pest snail. Thus, practical methods of snail management can be determined and implemented. Unfortunately, little is known on how direct manipulation of food availability may affect the reproduction of the apple snail. This study examines the influence of three food levels on snail size and age at first copulation and spawning under laboratory conditions.
MATERIALS AND METHODS
The apple snails were collected from rice fields in Shichijo, Kumamoto, Southwest Japan in September and October 2000. The collected immature (8.8-9.5 mm) and mature snails (27.5-30.0 mm; cf. Kaneshima et al., 1986) were brought to the laboratory. The mature snails were sexed based on shell morphology (Cazzaniga, 1990) and were stored dry at 15°C. Immature snails were reared in three 60 l aquaria (60 cmϫ30 cmϫ40 cm) and fed cabbage until they reached the desired shell height (15.0-18.0 mm). Aquaria were artificially illuminated with white fluorescent lights (ca. 2,000 lx at water surface). Photo regime was 14L:10D and temperature was 25°C. Once the immature snails attained the desired shell height, the stored dry mature snails were activated by putting them in another aquarium and feeding them cabbage. The immature snails were sexed before the start of the experiment by slightly opening the operculum to check the presence or absence of the penis sheath. Mature snails paired with the opposite sex were individually transferred into a plastic pot (2.3 l), covered with plastic net (1.5 mm eyehole) and overlaid with Size and age at first copulation and spawning of the apple snail, Pomacea canaliculata (Gastropoda: Ampullariidae) rubber band to prevent their escape. Vinyl plastic bag (260 mmϫ380 mm) was placed inside the plastic pot before addition of water to facilitate spawn collection. The quantity of water in the plastic pot was approximately 1.7 l. A small amount of powdered oyster shell was added after the water was changed as a calcium supply.
Sixty test female snails and 40 test male snails with their partners were assigned to each of the three treatments: high food level (food was available daily), medium food level (fed 4 d/week) and low food level (fed 2 d/week). Cabbage was used as the main food for the snails because it lasts longer than lettuce, which is usually used for snail rearing, when soaked in water (Estebenet and Cazzaniga, 1992) . Cut fresh cabbage leaves were provided in excess to the snails. However, their availability depended on what food level treatment the snails were assigned. At the high food level, cabbage was renewed every time the water was changed (Monday and Friday) and sometimes renewed on Thursday. Cabbage was given to the snails in the medium and low food levels after the water was changed on Monday. It was removed at water change on Friday in the medium food level and on Wednesday at the low food level. Thus, we established three food levels. In all food levels, water was changed twice a week (Monday and Friday) to avoid foul odor and low oxygen levels (Estebenet and Cazzaniga, 1992) . In P. bridgesii, artificial diets (20-30% protein) resulted in better growth than snails fed with dehydrated lettuce (Mendoza et al., 1999) . Hence, carp pellet (32% protein content; Hikari, Kyorin Co., Ltd., Himeji, Japan) was given at 1 pellet (0.2 g)/week as supplementary food for the snails. The carp pellet was given a day before the water was changed to ascertain that no residues were left on the plastic pot.
Since the snails were field collected and their initial conditions before collection were unknown, the pairs were randomized in terms of body size among the food levels. Consequently, no significant differences were observed among test female snails in initial shell height (pϾ0.9; ANOVA) and weight (pϾ0.4) or among test male snails in initial shell height (pϾ0.9) and weight (pϾ0.8). Moreover, no significant differences were recorded among partners of the test female snails in initial shell height (pϾ0.8) and weight (pϾ0.2) or among partners of the test male snails in initial shell height (pϾ0.5) and weight (pϾ0.5).
Shell height of the test snails was measured with calipers to the nearest 0.1 mm and weight (blotted dry) was measured with a sensitive balance to the nearest 0.01 g at almost biweekly intervals from the start until the end of the experiment (182 d). Copulation and spawning were checked twice daily (8:30-9:30 am and 8:30-9:30 pm). Snails were considered to be copulating when the penis sheath of the male was inserted into the mantle cavity above the right nuchal lobe of the female (Albrecht et al., 1996) . At first copulation or spawning, the snails were weighed and their shell heights determined. Eight to eleven snails were randomly chosen both at first copulation and spawning from each food level. They were killed by freezing and dissected to measure penis sheath length of the test male snails and albumen gland weight of the test female snails. The penis sheath was pressed gently with a pair of forceps from its tip to the sheath basal outer gland (Thiengo, 1987) until its full length was attained and measured with calipers. The albumen gland was blotted dry before it was weighed on a sensitive balance. All the snails were killed by freezing after the experiment and dissected later to verify their sexes. Four and two "female" individuals in the low and medium food levels, respectively, turned out to be males. Thus, they were excluded from the analyses.
Measurements on shell height, weight, albumen gland weight and penis sheath length were subjected to ANOVA, and multiple comparisons of means between food levels were evaluated with the Tukey-Kramer test. The albumen gland weights were further analyzed using the unpaired t-test to compare weights at first copulation and first spawning. The proportions of dead or live snails were subjected to G-test. Relative age at first copulation (days from start of experiment until the first copulation were observed) was compared based on the total number of snails that copulated in all food levels as almost all snails copulated. However, relative age at first spawning (days from start of experiment until the first spawn) was compared in the first 50% of spawning females as well as total number of spawning females, because not all snails spawned and the proportions of spawning females were different among food levels. Data on the relative ages at first copulation and spawning were subjected to Kruskal-Wallis test because they were not normally distributed. Multiple comparisons between two food levels were treated using MannWhitney U-test, setting the significant level at 0.0167 (ϭ0.05/3, Bonferroni's method; Yamamura, 1993) . Statistical analyses were done using StatView (version 5.0.1) statistical software program (SAS Institute, 1998).
RESULTS

Snail growth
The food level had a marked effect on the growth of P. canaliculata. In males, significant differences in shell height and weight (Figs. 1 and 2) were observed starting from 14 d after treatment application (DAT) until the experiment was terminated on 182 DAT (pϽ0.05, ANOVA). Multiple comparisons between treatments revealed that the snails fed at low food level always had lower shell height and lighter weight than those fed at medium or high food levels after 14 DAT ( Figs. 1 and 2 ; pϽ0.05, Tukey-Kramer test). Comparable shell height and weight were recorded for the snails in the medium and high food levels in all observations (pϾ0.05, Tukey-Kramer test) except on 56 DAT (pϽ0.05).
In females, growth differences in shell height and weight (Figs. 1 and 2) commenced on 14 DAT and onwards (pϽ0.05, ANOVA). In most observations, the snails fed at the low food level were lower in shell height and lighter in weight than those fed at medium or high food levels, and those fed at the medium food level were lower and lighter than those fed at the high food level (pϽ0.05, Tukey-Kramer test). The male and female growth curves tended to be similar up to 56
Size and Age at Maturity in the Apple Snail 201 Fig. 1 . Changes in mean shell heights (mm) of P. canaliculata reared at low, medium and high food levels. Fig. 2 . Changes in mean weights (g) of P. canaliculata reared at low, medium and high food levels.
DAT and thereafter females became larger than males at all food levels ( Figs. 1 and 2 ). The mortalities of the snails were low (2.5-7.5%, depending on food levels) in males and slightly higher (8.6-17.9%) in females. In both sexes, there was no difference in the proportion of dead or live snails at the different food levels (pϾ 0.5 for males; pϾ0.3 for females, G-test).
Size and age at first copulation-male snails
Food level affected the shell height and weight at first copulation in male P. canaliculata (Table 1; pϽ0.001, ANOVA). Multiple comparisons between food levels indicated that the snails fed at low food levels copulated at lower shell height and lighter in weight (pϽ0.05, Tukey-Kramer test). However, the snails fed at medium and high food levels resulted in comparable shell heights and weights at first copulation (pϾ0.05). In addition, the food level appeared to affect the penis sheath length, but the difference did not reach a statistically significant level (pϭ0.06), probably due to a small number of snails dissected. Days to first copulation (relative age at maturity) were not different among snails at different food levels (pϾ0.3, Kruskal-Wallis test).
Size and age at first copulation-female snails
Significant differences were recorded on the shell height and weight at first copulation in female snails (Table 2 ; pϽ0.001, ANOVA). Multiple comparisons between food levels revealed that the snails fed at the low food level had lower shell height than those fed at the medium or high food levels (pϽ0.05, Tukey-Kramer test). Weight at first copulation was different among all food levels (pϽ0.05). Dissected snail samples revealed that the albumen gland weight was also significantly different (Table 2 ; pϽ0.05, ANOVA). Days to first copulation were significantly different among snails fed at different food levels (pϽ0.001, Kruskal-Wallis test). Snails fed at the high food level copulated earlier than those fed at low or medium food levels (pϽ0.0167, Mann-Whitney U test), but the difference between medium and low food levels did not reach a statistically significant level (pϭ0.05).
At all food levels, females began to copulate 21-42 d (depending on food levels) later than males, with greater shell height and weight (Tables 1 and  2; 
all pϽ0.001, unpaired t-test).
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Size and age at first spawning
The food level affected shell height and weight at first spawning in females (Table 3 ; pϽ0.05, ANOVA). Snails fed at the high food level started spawning at greater shell height and weight than the snails fed at low or medium food levels. The food level resulted in a significantly different number of days to the first spawning (pϽ0.001, Kruskal-Wallis test). Multiple comparisons between food levels using all the spawning females revealed that snails fed at the low food level spawned later than snails fed at medium or high food levels (Table 3 ; pϽ0.0167, Mann-Whitney U test). When days to first spawning were compared based on the first 50% spawning females, the durations were significantly different at all food levels (pϽ0.0167). Dissected snail samples revealed that the albumen gland weight was not significantly different among the food levels (Table 3 ; pϾ0.05, ANOVA).
In all food levels, it took ca. 20 d from the first copulation to the first spawning, resulting in greater shell height and weight at spawning (Tables  2 and 3; all pϽ0.01, unpaired t-test) . Comparison of the albumen gland weight at first copulation and first spawning revealed a significant difference in snails fed at low or high food levels (pϽ0.05, unpaired t-test). However, no difference was observed from snails fed at the medium food level (pϾ0.6).
DISCUSSION
Growth was related to the food level in P. canaliculata. In comparing the three food levels, growth in both sexes was slower in snails fed at the low food level than at the medium or high food levels. Diet (plant species; Estebenet, 1995) and snail density (Tanaka et al., 1999) have been known to affect growth in P. canaliculata. Mendoza et al. (1999) reported that both food level and food quality affected growth in P. bridgesii. In the present study, snail growth tended to be similar between males and females before sexual maturity. However, growth was continuous in females while growth tended to be slower in males after sexual maturity. Similar results on the sexual difference in growth were obtained in laboratory (Estebenet and Cazzaniga, 1998) or field populations (Tanaka et al., 1999) of P. canaliculata.
As a consequence of affected growth, the snails had variable size (shell height and weight) and age at first copulation and spawning. Males that received more food grew faster than males that received less food. However, males began to copulate at almost the same age irrespective of food level. Consequently, males fed at the low food level matured at a smaller size. On the other hand, females that received more food grew faster than females that received less food. Well-fed females started both copulation and spawning earlier at larger body size than poorly-fed females.
This sexual difference can be attributed to a difference in the relationship between size and reproductive success in both sexes (Stearns and Koella, 1986) . In P. canaliculta, small males can almost equally compete with big males in copulation (Estoy et al., unpublished data) , suggesting that size is not a critical factor in male reproductive success. Thus, males mature at an earlier time when there is a chance to copulate, irrespective of body size. On the other hand, reproductive success (fecundity) is proportional to body size in females (Miyahara et al., 1986) . Therefore, poorly-fed females probably increase lifetime reproductive success by delaying their maturity until they reach a large size and accumulate more resources to become more fecund. The penis sheath length of the poorly-fed males tended to be shorter at first copulation than betterfed males. However, this difference did not reach a statistically significant level. This implies that there is no critical size of the penis sheath for copulation. On the other hand, the albumen gland weight of the poorly-fed females was lighter at first copulation than better-fed snails. However, the albumen gland weight was similar at first spawning at all food levels. This suggests that albumen gland weight is an important factor in spawning but not in copulation. Probably, there is a critical weight of the albumen gland for the commencement of spawning.
In females, the difference between the first copulation and spawning (maturity) was ca. 20 d at all food levels. The early initiation of copulation before full maturation in females is not an artifact of the isolated pairs in this study, since in the paddy fields about 45% of copulating females had albumen glands lighter than 0.4 g (Estoy et al., unpublished data), the average value for females fed at the low food level in this study. Although the adaptive significance of this early copulation for females is not straightforward, such copulation by pre-mature females may be related to a strategy for males to obtain a high reproductive success. Isolated females can store sperm for ca. one month, as indicated by continuous spawning of fertile eggs without a new mating (Miyahara et al., 1986) . Furthermore, although sperm competition in this snail is not fully understood, a preliminary study revealed that a female mated with two males in succession fertilized part of her eggs with sperm from the first male for up to one month (Yusa, unpublished data). Thus, males mating with pre-mature females may have a good chance to fertilize eggs. Tanaka et al. (1999) demonstrated that high density affected growth and reproduction of the snails in the paddy, presumably by reducing food availability for each individual. This means that paddy fields should be food limited for the snails so that their life history will be affected. In this study, low food level delays spawning, suggesting a shorter reproductive period under temperate or sub-tropical conditions, because the snails' life cycle is annual with a defined breeding period in warmer months. Under tropical conditions, rice is planted twice or three times a year; delayed spawning would indicate fewer generations of snails. Thus, food availability has an important effect on the population dynamics of snails by affecting the onset of spawning. Food availability also affects the number of offspring through the reproductive effort of the snails (Estoy et al., unpublished data). Moreover, food availability might even affect survival of offspring in the field. Low food availability delays snail spawning and accordingly sizes of offspring at wintering would be smaller. This is the case especially when low food availability reduces growth rates of offspring. Snails with shell heights less than 10 mm have lower over winter survival rates than snails with intermediate sizes (Kiyota and Okuhara, 1987; . Thus, limited food availability might result in low survival of offspring by keeping their sizes small at wintering.
In the paddy fields, reducing food availability for snails can be done most practically by the removal of weeds (alternative food of the snail) along the levees. Weeding can also be effective in reducing food availability in irrigation and drainage canals, creeks and ponds. Another possible way to reduce food availability is keeping the water level shallower than the snail shell height, which reduces snail mobility Ozawa and Makino, 1997) . This technique is widely used after rice transplanting to avoid snail damage. However, if the same technique is applied for a longer period, the snails with limited feeding opportunity may have fewer offspring. These techniques should be most effective when combined with other existing methods of snail management (e.g. cultural, mechanical and chemical control; Kiyota and Sogawa, 1996; Wada, 1999; Suzuki et al., 2000) .
